We have recorded the coherent diffraction images of individual xenon clusters with intense extreme ultraviolet pulses to elucidate the influence of light-induced electronic changes on the diffraction pattern. Using the FLASH free-electron laser we tuned the wavelength to specific xenon atomic and ionic resonances. The data show the emergence of a transient core-shell structure within the otherwise homogeneous sample. Simulations indicate that ionization and nanoplasma formation result in a cluster shell with strongly altered refraction. The presented resonant scattering approach enables imaging of ultrafast electron dynamics on their natural time scale.
Intense femtosecond short-wavelength pulses from free-electron lasers (FELs) open new avenues to investigate transient states and ultrafast processes with unprecedented spatial and temporal resolution [1] [2] [3] [4] . Examples include diverse topics ranging from the first demonstration of femtosecond coherent diffractive imaging (CDI) [5] and the 3D characterization of isolated nanoparticles [6] to the visualization of quantum vortices in helium droplets [7] , and non-equilibrium dynamics in molecules [8] and clusters [9] [10] [11] .
Typical CDI efforts concentrate on retrieving the atomic structure or density distribution of the sample. Ultrafast photon induced changes to the sample electronic structure are mostly discussed in terms of "damage" in both, experimental [12] and theoretical [13] approaches. However, the availability of intense short-wavelength pulses also yields tremendous opportunity to directly image electronic structure changes with high spatial resolution in a time-resolved manner. During the X-ray scattering process the photons interact with the electrons that are either tightly bound to the nuclei or delocalized in the valence states. In particular near absorption resonances, the X-ray scattering cross-sections depend sensitively on the energy of the incoming photon and the electronic structure of the sample [14] [15] [16] .
In this letter we demonstrate how resonant elastic scattering can be used to directly image the spatial distribution of transient charge states in an evolving nanoplasma. As samples we use submicron-sized clusters that are simultaneously transformed to a highly excited nanoplasma and imaged with a single intense femtosecond FEL pulse. On the timescale of the pulse the position of the clusters is frozen in space and ionic motion in the generated nanoplasma can be neglected [17] . Nevertheless, we do observe modulations in the scattering patterns that scale with the FEL intensity and that are characteristic for core-shell structures. As they are independent from the geometric arrangement of the atoms in the cluster, we attribute these modulations to light-induced electronic structure changes which is supported by Mie calculations and Monte-Carlo simulations. The models indicate that the electronic core-shell structures exhibit surprisingly sharp boundaries that act akin to a transient mirror within the nanoplasma. The experiments show the potential of resonant coherent diffractive imaging for taking snapshots of ultrafast ionization dynamics or charge migration in complex samples with femtosecond time and nanometer spatial resolution.
The experiments were performed at the soft X-ray free-electron laser FLASH [18] with extreme ultraviolet (XUV) pulses at 91 eV photon energy. This energy matches the giant 4d resonance of neutral xenon [19] and some Xe charge states [20] [21] [22] [23] [24] [25] The average kinetic energy of the Xe 1+ ions was used to sort the events for FEL exposure power density [17] . For the following analysis, all events were binned into categories A to F according to the abundance of higher charge states.
below. The FEL beam with 10 13 photons per 100 femtosecond pulse was focused into a 20 µm (FWHM) spot, reaching power densities up to 5 × 10 14 W/cm 2 . The pulses intersected a highly diluted jet of very large xenon clusters [26] . An adjustable piezo skimmer slit ensured that only one single cluster is present in the focus volume per FEL shot [27] . The scattering patterns were measured with a previously described [14, 28] large area scattering detector.
The size of each single, mostly spherical cluster could be determined from the spacing of the extrema in the diffraction patterns [26] . Within the size regime of R = (400 ± 50) nm a total of 94 diffraction images were obtained. In addition to the diffraction images, coincident single-shot ion spectra were recorded [17, 29] .
In Fig. 1a examples for the single-shot diffraction images are displayed. The data were sorted for increasing FEL exposure intensity by the kinetic energy of the Xe 1+ ions from the time-of-flight spectra [17] , as shown in Fig. 1b . In order to analyze only the intensity dependent changes in the patterns and to cancel out effects from irregular shapes and slightly different sizes, the data were binned into six categories A to F related to the appearance of the next higher charge states (see brackets on the right side of Fig. 1b ) and the diffraction patterns were averaged.
The radial profiles resulting from thus averaged scattering images of each category A to F are displayed in Fig. 2a . The high-frequency modulation of the profiles reflects the cluster size information. The envelope of profile A, representing the class of clusters exposed to lowest intensities, agrees well with the expected curve for a homogeneous spherical xenon cluster, dropping linearly on a logarithmic scale. In the absence of light induced changes in the particle, the profiles from clusters irradiated with higher FEL intensity would follow a similar curve, just with a proportionally higher scattering signal. In contrast, the profile envelopes B to F develop a more and more pronounced lobe structure roughly at 15
• to 30
• scattering angle. This evolving superstructure corresponds to the development of an additional characteristic length scale in the sample. In a classical Mie model, the lobe feature is characteristic for a core-shell structure with strongly deviating refractive indices in the shell compared to the core [30, 31] . We apply a core-shell model to the data to extract estimates for the thickness and optical constants of the shell. Subsequently, we develop a physical picture of the plasma formation and discuss a possible origin of such a core-shell system as well as the limitations of this model.
In our Mie calculations we made some simplifying assumptions, namely that the profiles A to F, obtained at different FEL-intensities, reflect the course of the same evolution, but up to different stages. Individual steps of the evolution can therefore be extracted from the difference between each two profiles. This approach is conceptually similar to resonant imaging of magnetic domains and their ultrafast switching, where diffraction patterns are subtracted above and below an absorption edge [15] . In Fig. 2b the difference profiles from The measured scattering intensities are corrected for the flat detector geometry [14] and a nonlinear detector response [6, 32] , radially averaged and plotted logarithmically vs. scattering angle. Profile A exhibits a ripple structure corresponding to the cluster size on an otherwise linearly dropping given by n = 1 − δ+iβ), and a very low absorption coefficient β (factor 4 less than neutral xenon). Please note that while the tendencies found via the Mie simulations are probably correct, the absolute values might not match the actual optical constants in the nanoplasma because (i) the refractive index of the core is unknown, (ii) the nanoplasma evolution is continuous whereas we consider only five snapshots, and (iii) the nanoplasma structure may considerably deviate from a concentric core-shell system. In fact, it can be rather expected to be asymmetric in the direction of incident light [35] . Nevertheless, the good agreement between Fig. 2b and c supports the hypothesis of a strongly altered outer shell in the cluster nanoplasma. It is notable that the core-shell structure appears to be a general feature because it survives the averaging over many single-cluster patters which themselves incorporate the average scattering signal over the FEL pulse duration. This raises the question of the origin of this refractive core shell system, i.e. the generation of a tens of nanometers thick shell of the nanoplasma with optical properties that differ so drastically from the plasma core.
The presumed origin of the core-shell structure lies in the peculiar electronic properties of xenon atoms and ions in the vicinity of the photon energy of 91 eV. Absorption cross-sections for xenon atoms and atomic ions have been measured [20] [21] [22] [23] [24] [25] and are summarized in Fig. 3 .
There is a clear step from high to low absorption between Xe 4+ and Xe and Xe charge states 1+ [21] , 2+ [22] , 3+ [23] , 4+ [24] , 5,6,7+ [25] (colored points). Related penetration depth in nm (black crosses).
the inner part of the cluster remains neutral. The absorption coefficient β reveals an even more pronounced kink within only 50 nm, resulting in an optical core-shell system with a rather transparent shell and opaque core.
Our simple atomistic model is in good agreement with the results from the Miecalculations, showing the same trend however not the same absolute shell thicknesses (cf. Fig. 2) . Further, it is noted that the step in β in Fig. 4b is still to soft to explain the pronounced superstructure in the scattering intensity. To generate pronounced modulations, two preconditions are necessary: (i) a transparent outer shell (low absorption index) and
(ii) a sharp boundary between regions of different refractive index. We have tested that the modulations would vanish in case of a rather smooth transition over several tens of nanometers as in Fig. 4b . The required sharp transition is puzzling. Moreover, our atomistic model is expected to underestimate the transition regime width, as it neglects impact ionization and other charge transfer dynamics within the cluster that would smear out the charge state distribution.
However, the model only describes the absorption of the nanoplasma, i.e. the imaginary part β, and its radial dependence. For the optical response of the cluster both, the real and imaginary part of the refractive index δ and β are relevant, which are interrelated through the Kramers-Kronig dispersions relations. In particular, a peak in β (absorption resonance) is accompanied by a zero transition of δ. Plasma calculations of the atomic scattering factors of Xe 3+ [38] indeed indicate that between 90 eV and 98 eV the real part of the atomic scattering factor f 1 (proportional to the refractive index decrement δ) rapidly changes from strongly positive to negative values and back several times. Based on this information, the following consideration may provide an explanation for the required sharp change in refraction. We have to expect, that the atomic/ionic resonances are shifted by the plasma in the cluster [39] , possibly up to several eV [40] . Now considering the radial position of the Xe 3+ -distribution plasma mirror. A similar argument could be made for the xenon charge states 4+ to 6+, which also exhibit narrow and very strong absorption resonances in the vicinity of 91 eV [23, 24] . To test this hypothesis, a full description of the light propagation via sophisticated theoretical approaches will be needed that include impact ionization, charge transfer, plasma shifts of the energy levels, and further nanoplasma dynamics [41] [42] [43] . Nevertheless, these general considerations provide a first step towards understanding the observed results. 
